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Abstract 


Novel polybenzimidazole (PBI)/montmorillonite (MMT) nanocomposite membranes were prepared from an organosoluble, fluorine-containing 
PBI with an organically modified MMT (m-MMT) clay. Both wide angle X-ray diffraction (WAXD) and transmission electron microscopy (TEM) 
analyses showed that the m-MMT was well dispersed in the PBI matrix on a nanometer scale. The thermooxidative stability of PBI membranes 
increased slightly with the increase of m-MMT content. The coefficients of the thermal expansion (CTE) of PBI/7 wt% m-MMT nanocomposite 
membranes were decreased by 30% relative to that of pure PBI. The mechanical properties and the methanol barrier ability of the PBI films were 
significantly improved by the addition of m-MMT. The tensile modulus of PBI/5 wt% m-MMT nanocomposite membranes had a 41% increase 
compared to the pure PBI films. The m-MMT in the phosphoric acid-doped PBI could effectively inhibit the plasticizing effect of the phosphoric 
acid. The methanol permeability of the PBI/S wt% m-MMT nanocomposite membrane decreased by approximately 81% with respect to the pure 


PBI membranes. The conductivity of the acid-doped PBI/m-MMT nanocomposites was slightly lower than the acid-doped pure PBI. 


© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


The direct methanol fuel cell (DMFC) has received a lot 
of attention in recent years, because of its high efficiency and 
light weight compared to other fuel cell systems. Polymer 
membranes play an important role as the proton exchange mem- 
brane in DMFC. It is well known that the most widely used 
membranes in DMFC are Nafion®, the perfluorosulfonic acid 
polymer membranes, owing to their outstanding chemical sta- 
bility and high proton conductivity. Nevertheless, there are two 
major drawbacks in Nafion® that must be overcome. First, the 
proton conductivity of Nafion® is unstable at temperatures above 
100°C, because of dehydration. Second, high methanol per- 
meation through Nafion® membranes not only causes loss of 
fuel, but also decreases cathode performance in DMFC [1-5]. 
Recently, polybenzimidazole (PBI) has emerged as a promising 
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candidate for high-temperature (>100 °C) fuel cell applications, 
because of its high thermal stability and good mechanical proper- 
ties. In particular, PBI doped with strong acid has stable proton 
conductivity at temperatures higher than 100°C, which gives 
it the potential for use as high-temperature fuel cell proton 
exchange membrane [6-14]. 

For the reduction of the methanol permeability through the 
membranes, several studies showed that the addition of inor- 
ganic fillers is able to improve the barrier properties of several 
polymers (e.g. poly(ether ether ketone), poly(vinyl alcohol), per- 
fluorosulfonic acid, etc.) towards various gases and moisture 
[15-21]. Montmorillonite (MMT) is a well known layered sili- 
cate, which can be used as a nanofiller in polymers, because of 
its high aspect ratio and low price [22—28]. The layer structure 
of MMT is expected to be able to decrease the methanol perme- 
ation through polymer membranes due to a winding diffusion 
pathway for methanol. 

In this work, we attempted to prepare PBI/MMT nanocom- 
posite membranes for high-temperature fuel cell applications. 
The most common PBI used in proton exchange membrane 
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for fuel cells is based on poly[2,2’-(m-phenylene)-5,5’- 
bibenzimidazole]. However, the PBI is difficult to dissolve in 
common organic solvents due to its very rigid molecular struc- 
ture, so it is hard to incorporate MMT into PBI to prepare a 
nanocomposite. In our previous paper, we have prepared an 
amorphous, organosoluble fluorine-containing PBI for high- 
temperature fuel cell applications [29]. The fluorine-containing 
PBI is expected to have good compatibility with an organically 
modified MMT (m-MMT), which we have reported before [30]. 
Here, we report the use of the fluorine-containing PBI to pre- 
pare nanocomposite membranes with m-MMT, and discuss the 
effect of m-MMT on the properties of membranes for DMFC 
applications. 


2. Experimental 
2.1. Materials 


2,2-Bis(4-carboxypheny])hexafluoropropane was purchased 
from TCI and purified by recrystallization from glacial 
acetic acid. 3,3’-Diaminobenzidine, dodecylamine (DOA), and 
dimethylacetamide (DMAc) were obtained from Aldrich. 3,3’- 
Diaminobenzidine and DOA were used as received, and DMAc 
was purified by distillation over calcium hydride. Reagent-grade 
poly(phosphoric acid) (PPA) and phosphoric acid were obtained 
from Fluka and used as supplied. MMT clay with a cation- 
exchange capacity of 95 meq 100 g7! was obtained from Pai 
Kong Co. (Tauyan, Taiwan). Other chemicals and solvents were 
used as received. 


2.2. Polymer synthesis and MMT modification 


PBI was synthesized from 3,3’-diaminobenzidine and 2,2- 
bis(4-carboxyphenyl)hexafluoropropane by the condensation 
polymerization in PPA at 200°C, according to Scheme 1. The 
detailed synthesis procedure was reported in our previous paper 
[29]. The organically modified MMT (m-MMT) clay was pre- 
pared by a cation-exchange reaction between MMT and an 
ammonium salt of DOA as described in our earlier research 
[30]. The interlayer spacing of MMT was 12.7 A. After modifi- 
cation, the interlayer spacing of the m-MMT was expanded to 


18 A. 
HN NH2 
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2.3. Preparation of PBI/MMT nanocomposite membranes 


A representative 5wt% m-MMT loading PBI/m-MMT 
nanocomposite was prepared as follows: 0.026 g of m-MMT 
was dispersed in 2 g of DMAc at room temperature under vig- 
orous stirring for 1h by a mechanical stirrer, and then added 
to a PBI solution, which was prepared by dissolving 14.64 g 
of PBI in DMAc to form a 3 wt% solution. The mixture was 
vigorously stirred for 24h to make a homogeneous solution. 
The solution was cast onto a glass plate with a doctor’s knife 
and dried in a vacuum oven at 80°C for 24h to remove the 
solvent. The thickness of the PBI/m-MMT nanocomposite mem- 
branes was approximately 40 um. The membranes were doped 
by immersion in aqueous phosphoric acid (11 M) for differ- 
ent times. The amount of phosphoric acid in each film was 
dependent on the immersion time, and calculated by weight 
analysis. The phosphoric acid-doped PBIs were coded as PBI- 
xH3POa, with x as the number of moles of acid per repeat unit of 
PBI. 


2.4. Characterization 


The inherent viscosity was measured with a Cannon- 
Ubbelohde no. 100 viscometer at a concentration of 0.5 g AL~! 
in DMAc at 30°C. The wide angle X-ray diffraction (WAXD) 
experiment was conducted on a Rigaku (Tokyo, Japan) D/MAX- 
HIV X-ray diffractometer with Cu Ke radiation. The samples 
for transmission electron micrograph (TEM) study were pre- 
pared by placing the PBI/m-MMT nanocomposite films in an 
epoxy resin, cured at 70°C overnight. The cured epoxies con- 
taining PBI/m-MMT were microtomed with a diamond knife 
into 50-nm-thick slices. Next, they were placed on a 200-mesh 
copper grid and examined with a JOEL JEM-1200EX TEM 
using an acceleration voltage of 200 KV. The thermoxaditive 
stability was analyzed with a TA Instrument 2050 Thermo- 
gravimetric analyzer (TGA) at a heating rate of 10°C min7! 
under air. The in-plane coefficients of thermal expansion (CTEs) 
and dynamic thermal mechanical analysis (DTMA) of PBI/m- 
MMT nanocomposite membranes were determined using a TA 
Instrument Thermal Mechanical Analyzer (TMA) Q400EM. 
The CTEs were measured with an extension probe under 0.05N 
tension force on the films in the temperature range of 100-250 °C 
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Scheme 1. Synthesis of the fluorine-containing PBI. 
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at a heating rate of 5°C min! under nitrogen. The DTMA was 
measured at a heating rate of 5°C min™! in nitrogen under a 
modulated force of 0.05 N at a frequency of 1 Hz. Tensile prop- 
erties were determined from stress-strain curves obtained with 
a Shimadzu AG-SI universal testing machine at a strain rate 
of 5mm min7! at room temperature. The film specimens were 
30mm long, 4.5mm wide, and 40 um thick. The conductiv- 
ity measurement was performed with an Autolab PGSTST 30 
impedance analyzer in the frequency range of 100-105 Hz with 
amplitude of 10 mV. The measurements were taken at 160°C 
under anhydrous condition. The conductivity (o) was calculated 
as follows: 


where R, L, and A are the measured resistance, thickness, 
and cross-sectional area of the membrane, respectively. The 
methanol permeability was measured with a two-compartment 
glass cell. One source cell (Va =100mL) was filled with a 
6wt% methanol aqueous solution. The other receiving cell 
(Vg = 100 mL) was filled with deionized water. The membrane 
was clamped between the two compartments. The concentration 
of methanol in the receiving cell was measured versus time by 
gas chromatography with a Shimadzu QP2010. The methanol 
concentration in the receiving cell is given by 


AP 
Cat) = Ve LOM — to) 


where Cp and C4 are the methanol concentration in the receiv- 
ing cell and the source cell, respectively; Vg the volume of the 
receiving cell; and P the methanol permeability. to, also termed 
the time lag, is related to the methanol diffusion coefficient (D) 
as follows: ty = L?/6D [31,32]. 


3. Results and discussion 


3.1. Preparation of PBI/m-MMT nanocomposite 
membranes 


In order to disperse the hydrophilic MMT to the PBI matrix, 
the MMT was first treated with the ammonium salt of dode- 
cylamine to form an organoclay through a cation-exchange 
reaction. The m-MMT is compatible with the organic solvent, 
DMAc and the PBI polymer, since the 3 and 5 wt% m-MMT 
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Fig. 1. WAXD patterns of PBI/m-MMT nanocomposite membranes. 


loading PBI solutions and the resulting membranes are visually 
clear. The fluorine-containing PBI is soluble in DMAc, which 
makes the mixing of the m-MMT to PBI possible through a 
solution process. The inherent viscosity of the polymer was 
1.9 dL g7! measured in DMAc at a concentration of 0.5 g dL! 
at 30°C. Due to the high molecular weight, the PBI and PBI/m- 
MMT membranes are strong and tough, which can be used for 
fuel cell applications. 


3.2. Dispersion of MMT in PBI matrix 


The dispersion of organoclay in the polymer matrix can be 
observed from the WAXD analysis. Fig. 1 shows the WAXD 
patterns of PBI/3-7 wt% m-MMT nanocomposites. The 3 and 
5 wt% m-MMT loaded nanocomposites do not have any diffrac- 
tion peak in the range 20 =2-10°. This indicates an exfoliated 
dispersion of m-MMT in the PBI matrix. When m-MMT reaches 
7 wt% in PBI matrix, a small peak appears at 6.28° (the interlayer 
spacing = 14.1 A). The crystalline peak implies that some of the 
silicate layers have aggregated in the PBI matrix. TEM micro- 
graphs of PBI/3—7 wt% m-MMT nanocomposites are shown 
in Fig. 2. The black lines in the figure are the cross-sections 
of the m-MMT silicate layers, and the grey part is the PBI 
matrix. The exfoliated dispersion of 3 and 5 wt% m-MMT in 
PBI matrix is further proved in Fig. 2a and b, respectively. 


ol 


Fig. 2. TEM micrographs of PBI/3 wt% m-MMT nanocomposote (a) PBI/5 wt% m-MMT nanocomposite (b) and PBI/7 wt% m-MMT nanocomposite (c). 
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Fig. 3. TGA thermograms of PBI/m-MMT nanocomposite membranes in air. 


The estimated size of the silicate layers is ~1 nm in thickness 
and 30—400 nm in length. The aggregation of silicate layers is 
observed in PBI/7 wt% m-MMT nanocomposite in Fig. 2c. The 
result shows that the content of m-MMT is too much when it is 
added to 7 wt% in the PBI matrix. 


3.3. Thermal properties of PBI/n-MMT nanocomposite 
membranes 


The thermooxidative stability of PBI/m-MMT nanocompos- 
ites was studied with TGA in air, as shown in Fig. 3. The pure PBI 
displayed high thermooxidative stability. The thermooxidative 
decomposition behavior of PBI/m-MMT nanocomposites was 
similar to that of pure PBI. The 5% weight loss temperature of 
PBI, PBI/3 wt% m-MMT, PBI/5 wt% m-MMT and PBI/7 wt% 
m-MMT were 518, 522, 524 and 523°C, respectively. The 
decomposition temperature of PBI/m-MMT nanocomposites 
shifted to a slightly higher temperature, which indicated that the 
thermooxidative stability of PBI membranes could be increased 
slightly with the increase of m-MMT content. 


CTE (um/m °C) 


m-MMT content (wt %) 


Fig. 4. In-plane coefficients of thermal expansion (CTEs) of the PBI/m-MMT 
nanocomposite membranes measured in the temperature range of 100-250 °C. 
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Fig. 5. Storage modulus (a) and loss modulus (b) of PBI/m-MMT nanocompos- 
ite membranes. 


The in-plane CTEs of PBI/m-MMT nanocomposite mem- 
branes are displayed in Fig. 4. The CTE of pristine PBI 
film was 37.7 (umm! °C). It was found that the CTEs 
of PBI/m-MMT nanocomposite films decreased with increas- 
ing amounts of m-MMT. The CTE of PBI/7 wt% m-MMT 
nanocomposite was reduced to 26.4 (umm! °C), a decrease 
of 30% relative to that of pure PBI. It indicated that 
the layered silicates could reduce the thermal expansion 
of PBI. 

The storage modulus and loss modulus of PBI/m-MMT 
nanocomposite membranes are presented in Fig. 5. The stor- 
age modulus and loss modulus of PBI/m-MMT nanocomposite 
films increased with increasing amounts of m-MMT. They 
reached maximum values when 5 wt% m-MMT was added 
in PBI matrix. This implied that there was a strong interac- 
tion between the m-MMT and the PBI chains. The tand of 
PBI/m-MMT nanocomposite membranes is shown in Fig. 6. 
The tan dmax was identified as the glass transition tempera- 
ture (Tg). The Tg of pure PBI was 326°C, which could not 
be found in the differential scanning calorimeter (DSC) mea- 
surement. The Tg of PBI/m-MMT nanocomposite membranes 
did not increase with the increase of m-MMT content. That 
could be due to the inherent rigidity of the PBI molecular 
chains, so the added m-MMT cannot alter it to any further 
extent. 
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Fig. 6. tan ô of PBI/m-MMT nanocomposite membranes. 


3.4. Mechanical properties of PBI/m-MMT nanocomposite 
membranes 


Table 1 summarizes the tensile properties of PBI/m-MMT 
nanocomposite membranes. The pure PBI film had a tensile 
modulus of 1.19 GPa, a tensile strength of 55.0 MPa, and a 
elongation at break of 11.9%. The tensile moduli of PBI/m- 
MMT films increased with the increase of m-MMT content. 
The tensile modulus of PBI/5 wt% m-MMT nanocomposite 
had a 41% increase compared to pure PBI films. This indi- 
cated that an exfoliated dispersion of m-MMT could remarkably 
improve the mechanical properties of PBI membranes. When 
m-MMT reached 7 wt% in PBI matrix, the tensile modulus 
of the nanocomposite film had a slight decrease compared to 
the PBI/5 wt% m-MMT nanocomposite film. The phenomenon 
might be caused by the aggregation of silicate layers in the 
nanocomposite film. The tensile strength of the PBI/m-MMT 
nanocomposite membranes showed a similar trend as their ten- 
sile moduli. These results were in good agreement with WAXD 
and TEM analyses. However, the PBI/m-MMT nanocompos- 
ite films were more brittle than the pure PBI films, because of 
the introduction of ceramic m-MMT. This resulted in the reduc- 
tion of the elongation at break of PBI/m-MMT nanocomposite 
films. 


Table 1 
Mechanical properties of the PBI/m-MMT nanocomposite membranes and 
phosphoric acid-doped PBI/m-MMT nanocomposite membranes 


Modulus Stress Elongation 

(GPa) (MPa) (%) 
PBI 1.19 + 0.08 55.047 11.919 
PBI/3 wt% m-MMT 1.54 + 0.01 66.8 + 3.3 8.0 1.5 
PBI/5 wt% m-MMT 1.68 + 0.03 70.4 + 4.7 7.9 0.6 
PBI/7 wt% m-MMT 1.55 + 0.06 66.5 + 5.7 7.8 + 1.2 
PBI -3.0H3PO4 0.31 + 0.02 230+15 180+14 
PBI/3 wt% m-MMT -3.0H3PO4 0.81 +0.01 46.2 3.8 13.8 + 0.2 
PBI/5 wt% m-MMT -3.0H3PO4 0.98 + 0.07 47.3 3.8 11.2 1.8 
PBI/7 wt% m-MMT -3.0H3PO4 0.77 + 0.05 32.442.1 11.4 2.2 


Table 1 also displays the tensile properties of PBI/m-MMT 
nanocomposite membranes doped with phosphoric acid. Com- 
pared to the PBI/m-MMT nanocomposite membranes without 
phosphoric acid, it was found that the tensile modulus and 
strength of the films decreased when they were doped with phos- 
phoric acid. This could be due to the plasticizing effect from the 
phosphoric acid. The tensile modulus of PBI-3.0H3PO4 had a 
74% decrease relative to the pure PBI films. However, the ten- 
sile modulus of PBI/5 wt% m-MMT-3.0H3PO, only decreased 
by 42% with respect to the PBI/5 wt% m-MMT without doped 
acid. The tensile strength of PBI/m-MMT nanocomposite mem- 
branes doped with phosphoric acid had a similar trend as their 
tensile moduli. It implied that m-MMT in the PBI matrix 
could efficiently restrict the plasticizing effect of the phospho- 
ric acid to increase the mechanical properties of the doped PBI 
membranes. 


3.5. Methanol permeability of PBI/n-MMT nanocomposite 
membranes 


Fig. 7 shows the methanol permeability of the PBI/m- 
MMT nanocomposite membranes. The methanol permeability 
of the pure PBI membrane was 3.28 x 1078 (cm? s7!). The 
methanol permeability of the PBI/m-MMT nanocomposite 
films decreased obviously with increasing amounts of m- 
MMT. At a 5wt% loading of m-MMT, the permeability of 
the nanocomposite films was reduced to 6.2 x 107° (cm? s7!). 
It was decreased by approximately 81% with respect to the 
pure PBI membranes. This indicated that an exfoliated dis- 
persion of m-MMT could remarkably improve the methanol 
barrier ability of PBI due to a winding diffusion pathway for 
methanol. When the loaded amount of m-MMT was more 
than 7wt% in the PBI matrix, the permeability increased 
when compared to the PBI/5S wt% m-MMT nanocomposite 
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Fig. 7. Methanol permeability of PBI/m-MMT nanocomposite membranes in 
6 wt% methanol aqueous solution at room temperature. 
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Fig. 8. Proton conductivity (o) of PBI/m-MMT nanocomposite membranes 
doped with different amounts of phosphoric acid at 160°C under anhydrous 
condition. 


film. This result implied that the aggregation of the sili- 
cate layers in the nanocomposite film could not effectively 
decrease the methanol permeation relative to their exfoliated 
dispersion. 


3.6. Conductivity of PBI/m-MMT nanocomposite 
membranes 


Fig. 8 shows the proton conductivity of PBI/m-MMT 
nanocomposite membranes doped with different amounts of 
phosphoric acid. The measurement was taken at 160°C under 
anhydrous condition, because the proton conductivity of the 
PBI films doped with phosphoric acid could achieve maximum 
at that temperature as shown in our previous research [29]. 
The conductivity of the acid-doped PBI/m-MMT nanocompos- 
ite membranes increased with the doping level of phosphoric 
acid. However, the conductivity of the nanocomposite films was 
slightly lower than the acid-doped pure PBI, because the m- 
MMT dispersed in polymer matrix might retard the mobility of 
protons in the membranes. It was decreased by 21-27% with 
respect to the acid-doped pure PBI. 


4. Conclusions 


PBI/MMT nanocomposite membranes can be prepared from 
a fluorine-containing PBI with organically modified MMT (m- 
MMT) clay due to the solubility of the fluorine-containing PBI. 
The addition of m-MMT can significantly enhance the mechani- 
cal properties of the phosphoric acid-doped PBI membranes, and 
reduce the methanol permeability. Although the conductivity is 
slightly decreased by the m-MMT, the reduction of conductivity 
by the m-MMT is relatively small compared to the decrease of 
methanol permeability and the increase of mechanical proper- 
ties. Therefore, the overall performance of the nanocomposite 
membranes is still obviously improved by the addition of 


m-MMT. The PBI/m-MMT nanocomposite membranes have the 
potential for use as the proton exchange membranes in DMFC. 
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